To restrict pathogen entry, plants close stomata as an integral part of innate immunity. To counteract this defense, Pseudomonas syringae pv tomato produces coronatine (COR), which mimics jasmonic acid (JA), to reopen stomata for bacterial entry. It is believed that abscisic acid (ABA) plays a central role in regulating bacteria-triggered stomatal closure and that stomatal reopening requires the JA/COR pathway, but the downstream signaling events remain unclear. We studied the stomatal immunity of tomato (Solanum lycopersicum) and report here the distinct roles of two homologous NAC (for NAM, ATAF1,2, and CUC2) transcription factors, JA2 (for jasmonic acid2) and JA2L (for JA2-like), in regulating pathogen-triggered stomatal movement. ABA activates JA2 expression, and genetic manipulation of JA2 revealed its positive role in ABA-mediated stomatal closure. We show that JA2 exerts this effect by regulating the expression of an ABA biosynthetic gene. By contrast, JA and COR activate JA2L expression, and genetic manipulation of JA2L revealed its positive role in JA/COR-mediated stomatal reopening. We show that JA2L executes this effect by regulating the expression of genes involved in the metabolism of salicylic acid. Thus, these closely related NAC proteins differentially regulate pathogen-induced stomatal closure and reopening through distinct mechanisms.
INTRODUCTION
Plants have coexisted with microbes, including bacterial pathogens, for millions of years, and the interactions between these organisms have resulted in their coevolution. Pathogens have evolved multiple strategies to facilitate their virulence in their hosts, and plants have developed diverse and sophisticated systems of innate immunity to resist pathogen attack, including pathogenassociated molecular pattern (PAMP)-triggered immunity and effector-triggered immunity (Chisholm et al., 2006; Bent and Mackey, 2007; Faulkner and Robatzek, 2012; Xin and He, 2013) .
Pathogenic microbes need to reach the interior of the plant to cause disease, and natural openings or accidental wounds provide portals for pathogen invasion (Melotto et al., 2008; Faulkner and Robatzek, 2012) . Stomata are microscopic pores formed by pairs of guard cells in the epidermis of plants. Plants actively regulate stomatal aperture in response to abiotic environmental conditions (e.g., light, humidity, and CO 2 concentration) to optimize gas exchange and water loss (Kim et al., 2010) . Research on the molecular mechanisms underlying stomatal regulation in response to abiotic signals has uncovered a complex and dynamic regulatory network in which the plant hormone abscisic acid (ABA) plays a central role (Schroeder et al., 2001a (Schroeder et al., , 2001b Kim et al., 2010) .
Historically, stomata were merely assumed to be passive ports for pathogen entry. However, recent studies revealed that stomatal openings are a major route of pathogen entry into the plant. Accordingly, plants have evolved mechanisms to actively regulate stomatal aperture as an integral part of innate immunity to prevent pathogen invasion (Melotto et al., 2006 (Melotto et al., , 2008 Zhang et al., 2008; Liu et al., 2009; Zeng and He, 2010; Zeng et al., 2011; DesclosTheveniau et al., 2012; Kumar et al., 2012; Singh et al., 2012; Montillet and Hirt, 2013; Montillet et al., 2013) . The role of stomata in plant immunity was discovered during the susceptible interaction between the host Arabidopsis thaliana and the bacterial pathogen Pseudomonas syringae pv tomato strain DC3000, a model interaction system in which to investigate molecular mechanisms underlying pathogen virulence, host immunity, and host-pathogen coevolution (Chisholm et al., 2006; Bent and Mackey, 2007; Spoel and Dong, 2008; Dou and Zhou, 2012; Faulkner and Robatzek, 2012; Fu and Dong, 2013; Xin and He, 2013) . In their pioneering investigation, Melotto et al. (2006) described two successive steps of stomatal movement at an early stage of P. s. tomato DC3000 infection of Arabidopsis leaves. First, upon the perception of pathogen infection and PAMP treatment, plants close stomata within 1 h to inhibit the entry of pathogen and host tissue colonization. Pathogen-induced stomatal closure requires the plant immune receptors (e.g., FLAGELLIN-SENSING2, which recognizes flg22, a biologically active peptide derived from bacterial flagellin) and the plant immune hormone salicylic acid (SA); thus, this response is referred to as the stomatal defense, an integral part of plant innate immunity (Melotto et al., 2006; Zeng and He, 2010; Zeng et al., 2011) . Second, to counteract this stomatal defense, P. s. tomato DC3000 is able to reopen stomata after 3 to 4 h, to facilitate its entry into the plant leaf and therefore cause other aspects of virulence in the apoplast (Melotto et al., 2006) .
The discovery of stomatal defense promoted further studies to uncover the downstream signal transduction pathways involved in bacteria-triggered stomatal closure and reopening. In addition to SA, the plant hormone ABA, which was known to be important for stomatal regulation in response to abiotic stresses, plays a central role in regulating P. s. tomato-and PAMP-triggered stomatal closure, because Arabidopsis mutants defective in ABA biosynthesis or signaling failed to close stomata in response to P. s. tomato infection or PAMP treatment (Melotto et al., 2006; Zhang et al., 2008; Zeng and He, 2010) . These findings suggest that guard cell signal transduction in response to biotic and abiotic stresses share common steps. A recent investigation provided evidence that ABA signaling acts genetically downstream of SA signaling in the regulation of pathogen-triggered stomatal closure (Zeng and He, 2010) . Moreover, it was recently shown that an oxylipin pathway converges with the ABA pathway at the level of an anion channel to regulate stomatal closure and plant immunity . However, the signaling events further downstream of ABA remain largely unknown. Prominently, it is not clear whether pathogen infection leads to increased ABA biosynthesis in the stomata or, simply, whether pathogen/PAMP-triggered stomatal closure requires a basal level of ABA in the guard cells. Melotto et al. (2006) also discovered that, to overcome stomatal defense, P. s. tomato DC3000 produces the toxin coronatine (COR) to reopen the stomata, which were closed upon pathogen infection. In addition to being essential for stomatal reopening, COR is also essential for the virulent pathogen to overcome the apoplastic defense, including SA-mediated defense (Kloek et al., 2001; Zhao et al., 2003; Brooks et al., 2005; Zeng et al., 2011; Zheng et al., 2012) . Several lines of evidence led to the hypothesis that, by producing COR, P. s. tomato DC3000 hijacks the jasmonic acid (JA) signaling pathway to suppress plant defenses (including stomatal and apoplastic defenses) through hormone crosstalk (Spoel and Dong, 2008; Robert-Seilaniantz et al., 2011) . First, COR is a structural and functional mimic of JA (Bender et al., 1999; Brooks et al., 2005; Uppalapati et al., 2005) . In particular, COR is most similar to JA-Ile, the active form of the plant hormone JA (Katsir et al., 2008; Fonseca et al., 2009b) . Second, the virulence function of COR requires the CORONATINE INSENSITIVE1 (COI1) F-box protein of the Skp/Cullin/F-box complex (SCF COI1 ), which is involved in ubiquitin-mediated degradation of substrates, the JAZ (for jasmonate ZIM domain) repressor proteins (Xie et al., 1998; Chini et al., 2007; Thines et al., 2007) . The SCF COI1 -JAZ complex was believed to be involved in the perception of JA-Ile and COR (Katsir et al., 2008; Fonseca et al., 2009b; Yan et al., 2009; Sheard et al., 2010) . Third, like JA-Ile, COR directly targets the COI1-JAZ receptor complex to promote the degradation of the JAZ repressors (Katsir et al., 2008; Fonseca et al., 2009b; Yan et al., 2009; Sheard et al., 2010) . Since JAZ proteins normally interact with and repress the function of JA signaling transcription factors (TFs), including the master regulator MYC2, degradation of JAZ repressors leads to the derepression of these TFs and, therefore, the transcriptional activation of JA/COR-responsive genes (Lorenzo et al., 2004; Chini et al., 2007; Dombrecht et al., 2007; Fonseca et al., 2009a; Fernández-Calvo et al., 2011; Qi et al., 2011; Song et al., 2011) . Supporting this hypothesis, a signaling cascade by which COR and JA suppress the plant immune response through the SCF COI1 -JAZ-MYC2 signaling pathway was recently elucidated . In this signaling cascade, COR and JA activate the expression of three homologous NAC (for NAM, ATAF1,2, and CUC2) family TFs through MYC2, which eventually inhibits SA accumulation and, therefore, suppresses SA-mediated plant immunity .
We investigate the immune response of tomato (Solanum lycopersicum) and report here the molecular mechanisms by which JA2 (for jasmonic acid2) and JA2L (for JA2-like), two homologous NAC TFs in tomato, regulate P. s. tomato DC3000-triggered stomatal movement. We reveal that JA2 acts in ABA-mediated stomatal closure, whereas JA2L functions in COR/JA-mediated stomatal reopening. We further demonstrate that JA2 regulates ABA biosynthesis by selectively activating the transcription of an ABA biosynthetic gene and that JA2L suppresses SA accumulation by regulating genes involved in SA metabolism. Thus, signaling cascades by which plants promote stomatal closure through activating ABA biosynthesis and bacteria suppress host defense through inhibiting SA accumulation have been elucidated. Our results promise to shed new light on the molecular mechanisms underlying stomatal responses to pathogen infection.
RESULTS

P. s. tomato DC3000-Triggered Stomatal Movement of Tomato Leaves
Previous elegant studies revealed that, during early stages of the P. s. tomato DC3000 and Arabidopsis interaction, Arabidopsis plants actively close stomata to prevent bacterial invasion; as a counterdefense, P. s. tomato DC3000 uses its virulence factor COR to reopen stomata (Melotto et al., 2006; Zhang et al., 2008; Liu et al., 2009; Zeng and He, 2010; Zeng et al., 2011; DesclosTheveniau et al., 2012; Kumar et al., 2012; Singh et al., 2012; Zheng et al., 2012; Montillet and Hirt, 2013) . As a first step to investigate the signaling events involved in pathogen-triggered stomatal immunity of tomato plants, we dip-inoculated wild-type tomato leaves with P. s. tomato DC3000 and investigated the pathogen-induced stomatal response. For these experiments, tomato seedlings were light-adapted for at least 3 h to ensure that most of the stomata were open before bacterium infection. Within 1 h of incubation, we observed a marked reduction of stomatal aperture; at 4 h after incubation, however, the stomatal aperture had reverted to the prebacterial treatment state ( Figures 1A to  1D ). These results indicate that, in response to P. s. tomato DC3000 infection, the stomatal movement of tomato plants is largely similar to that of the intensively studied Arabidopsis plants.
NCED1-Dependent ABA Biosynthesis Is Required for P. s. tomato DC3000-Triggered Stomatal Closure but Not COR-Mediated Stomatal Reopening Studies in the Arabidopsis-P. s. tomato DC3000 interaction system revealed that the phytohormones ABA and JA play distinct roles in regulating pathogen-triggered stomatal movement. These observations found that, whereas the ABA pathway is required for pathogen-induced stomatal closure (Melotto et al., 2006; Zhang et al., 2008; Zeng et al., 2011) , the JA pathway is required for CORmediated stomatal reopening (Melotto et al., 2006; Zheng et al., 2012) . To test whether a similar scenario underlies the interactions between P. s. tomato DC3000 and tomato plants, we investigated the stomatal movement of ABA-or JA-related tomato mutants in response to the surface inoculation of P. s. tomato DC3000. notabilis (not) is a well-characterized ABA-deficient tomato mutant because this line contains a mutation in the NCED1 gene, which encodes 9-cis-epoxycarotenoid dioxygenase (NCED), a ratelimiting enzyme of ABA biosynthesis (Burbidge et al., 1999; Thompson et al., 2000a Thompson et al., , 2000b Thompson et al., , 2004 . We found that, in the not mutants, P. s. tomato DC3000-induced stomatal closure at 1 h was largely compromised, while P. s. tomato DC3000-induced stomatal reopening at 4 h was not affected (Figures 1A and 1B) . These results support that NCED1-dependent ABA biosynthesis is required for P. s. tomato DC3000-induced stomatal closure but not for COR-mediated stomatal reopening.
In P. s. tomato dip inoculation, plant mutants defective in ABAmediated stomatal closure are more susceptible to COR-deficient (COR 2 ) mutant bacteria (Melotto et al., 2006; Zeng and He, 2010) .
Since not plants are defective in P. s. tomato DC3000-triggered stomatal closure ( Figures 1A and 1B) , we hypothesized that this plant mutation might be able to rescue the virulence defect of the COR 2 mutant bacteria, which are unable to overcome stomatal defense. To test this hypothesis, we dip-inoculated not plants with P. s. tomato DC3118, a widely used COR 2 bacteria strain (Zhao (A) and (B) Stomatal aperture response in leaf peels of wild-type (cv Ailsa Craig) and not plants after 1 h of incubation (A) or 4 h of incubation (B) with either water or P. s. tomato DC3000. (C) and (D) Stomatal aperture response in leaf peels of wild-type (cv Castlemart) and jai1 plants after 1 h of incubation (C) or 4 h of incubation (D) with either water or P. s. tomato DC3000. For (A) to (D), error bars represent SE. Each experiment was repeated at least three times with similar results. Student's t test was used to compare means between water and pathogen treatment of the same genotype (***P < 0.001).
(E) Wild-type and not plants were dip inoculated with suspensions of P. s. tomato DC3000 or P. s. tomato DC3118, and bacterial growth was measured at 3 DAI. (F) Wild-type and not plants were dip inoculated with P. s. tomato DC3118, and photographs of the disease symptoms were taken at 3 DAI. (G) Wild-type and jai1 plants were dip inoculated with P. s. tomato DC3000 or P. s. tomato DC3118, and bacterial growth was measured at 3 DAI. (H) Wild-type and jai1 plants were dip inoculated with P. s. tomato DC3000, and photographs of the disease symptoms were taken at 3 DAI. For (E) and (G), Student's t test was used to compare the log-transformed data of different genotypes (***P < 0.001). Error bars represent SD of three replicates. CFU, colony-forming units. et al., 2003) . In control experiments, the COR-producing P. s. tomato DC3000 multiplied similarly in wild-type and not plants at 3 d after inoculation (DAI) ( Figure 1E ). By contrast, when the COR 2 P. s. tomato DC3118 were applied to the leaf surface, the multiplication of bacteria in wild-type leaves was greatly reduced compared with that of P. s. tomato DC3000, and no disease symptoms were observed ( Figure 1F ), confirming that the CORmediated suppression of stomatal defense is critical for P. s. tomato DC3000 infection. Remarkably, in surface-inoculated not plants, the multiplication of the COR 2 P. s. tomato DC3118 at 3 DAI was much higher than that in wild-type leaves and caused prominent disease symptoms ( Figures 1E and 1F) , indicating that the not mutation indeed rescued the virulence defect of the COR 2 pathogen. Together, these data strengthen the notion that NCED1-dependent ABA biosynthesis is required for P. s. tomato DC3000-induced stomatal closure but not for COR-regulated stomatal reopening in tomato plants. To evaluate the role of JA in the pathogen-triggered stomatal movement of tomato, we examined the stomatal response of the JA-insensitive mutant jai1 (Li et al., 2002) in response to surface inoculation by P. s. tomato DC3000. The tomato jai1 mutant harbors a mutation in Sl-COI1, the tomato homolog of the Arabidopsis COI1 gene (Li et al., 2004) . In response to P. s. tomato DC3000 infection, jai1 plants closed the stomata at 1 h ( Figure  1C ), demonstrating that Jai1/COI1-dependent JA signaling is not required for P. s. tomato DC3000-induced stomatal closure. However, P. s. tomato DC3000-induced stomatal reopening at 4 h was largely compromised in jai1 plants ( Figure 1D ), indicating that Jai1/Sl-COI1-dependent JA signaling is required for CORregulated stomatal reopening.
Since jai1 plants are defective in P. s. tomato DC3000-triggered stomatal reopening ( Figures 1C and 1D ), we expect that these plants are more resistant to the COR-producing bacteria, which use the phytotoxin COR to reopen stomata and facilitate pathogen entry into the plant. Indeed, in our surface inoculation assays, the multiplication of the COR-producing P. s. tomato DC3000 in jai1 leaves at 3 DAI was greatly reduced as compared with that in wild-type leaves ( Figure 1G ), and the pathogen failed to cause disease symptoms ( Figure 1H ). These results are consistent with the longstanding observation that the Arabidopsis coi1 mutant and the tomato jai1 mutant show enhanced resistance to P. s. tomato DC3000 (Kloek et al., 2001; Zhao et al., 2003) . Together, these results support the idea that the Jai1/COI1-dependent JA signaling pathway is required for pathogen-triggered reopening of the stomata.
Tomato JA2 and JA2L, Which Encode Closely Related NAC TFs, Were Differentially Regulated by ABA and JA in Guard Cells
The above-described investigations revealed distinct roles of ABA and JA in regulating P. s. tomato DC3000-triggered stomatal movement of tomato plants: whereas ABA is required for pathogeninduced stomatal closure, JA is required for JA/COR-regulated stomatal reopening. These results are largely consistent with the extensive observations performed in the model system of P. s. tomato DC3000-Arabidopsis interactions (Melotto et al., 2006 (Melotto et al., , 2008 Zhang et al., 2008; Acharya and Assmann, 2009; Kim et al., 2010; Zeng and He, 2010; Zeng et al., 2011; Zheng et al., 2012) . However, the downstream signal transduction pathways by which ABA promotes stomatal closure and JA/COR promotes stomatal reopening remain largely unknown.
To identify the signaling components involved in ABA-mediated stomatal closure as well as JA-mediated stomatal reopening of tomato plants, we focused on guard cell-specific TF genes whose expression was differentially regulated by ABA and JA. Several lines of evidence led us to the hypothesis that two closely related NAC family TF genes, JA2 (Solyc12g013620), and JA2L (Solyc07g063410), are plausible candidates (Figures 2A and 2B ; Supplemental Figure 1 ). First, in response to P. s. tomato DC3000 infection, transcript levels of JA2 and JA2L showed a slight, yet significant, increases (Supplemental Figure 2) , indicating that the two NAC genes were induced during the early phase of pathogen-tomato interaction. Second, JA2 and JA2L have three homologs in Arabidopsis, ANAC019, ANAC055, and ANAC072 ( Figure 2B ; Supplemental Figure 1B ). Our previous work demonstrated that the expression of ANAC019 and ANAC055 was induced by both JA and ABA and that these TF genes are involved in the JA-mediated plant defense response to pathogen infection (Bu et al., 2008) . Third, ANAC019, ANAC055, and ANAC072 are specifically involved in COR-regulated stomatal reopening but not ABA-mediated stomatal closure .
It is worth noting that JA2 and JA2L are the most closely related NAC TF members in the tomato genome; they show similar exonintron gene structure and share 66% identity at the amino acid level ( Figure 2A ; Supplemental Figure 1A) . To explore the possible functions of JA2 and JA2L in ABA-mediated stomatal closure and/ or JA/COR-regulated stomatal reopening, we examined the tissuespecific expression patterns of the two genes. Promoter-GUS (for b-glucuronidase) fusion assays ( Figure 2C ; Supplemental Figure 3 ) and GFP (for green fluorescent protein)-protein fusion assays ( Figure 2D ) confirmed that both JA2 and JA2L were richly expressed in guard cells of tomato leaves. We then analyzed their induction by ABA, JA, and COR. Interestingly, our quantitative realtime PCR (qRT-PCR) assays with gene-specific primers revealed that the expression of JA2 was not induced by JA and COR (Figures 2F and 2G) but was quickly and strongly induced by ABA ( Figure 2E ). Parallel experiments indicated that ABA-induced expression of JA2 was not affected by the not mutation (Supplemental Figure 4A ). By contrast, the expression of JA2L was only mildly induced by ABA ( Figure 2E ) but was strongly and quickly induced by JA and COR (Figures 2F and 2G) . Closer examination revealed that the JA-induced expression of JA2L was largely abolished in the jail1 plants (Supplemental Figure 4B ), indicating that JA induces the expression of JA2L in a Jai1/COI1-dependent manner. We also examined the possible induction of the two TF genes by abiotic cues and found that whereas JA2 expression is induced by dehydration (Supplemental Figure 5 ), JA2L is induced by mechanical wounding (Supplemental Figure 5 ). Considering that ABA plays a major role in regulating the plant dehydration response whereas JA plays a major role in regulating the plant wound response, these results are consistent with the above-described hormone induction patterns of the two TF genes. The hormone-specific induction patterns of JA2 and JA2L prompted us to examine the hormone-responsive cis-elements in their 22000 to 21 proximal promoter region. Our sequence analyses revealed the existence of two ABA-responsive element (ABRE)-like motifs (ACGTGTC) in the 2000-bp region of the JA2 promoter, but no G-box-like motif (CACGTA) was identified in this region ( Figure 2A ). Sequence analysis identified two G-box-like motifs and one ABRE motif in the parallel promoter region of JA2L ( Figure 2A ). The ABREs are required for ABA induction (Umezawa et al., 2010) , and the G-box-like elements are required for JA/COR induction (Dombrecht et al., 2007; Figueroa and Browse, 2012) . In this context, our results raised the possibility that JA2, which is specifically induced by ABA ( Figure 2E ), is involved in ABAregulated stomatal closure and that JA2L, which is specifically induced by JA and COR (Figures 2F and 2G) , is involved in JA/ COR-mediated stomatal reopening.
Genetic Manipulation of JA2 or JA2L Differentially Alters P. s. tomato DC3000-Induced Stomatal Movement
To examine the role of JA2 in P. s. tomato DC3000-triggered stomatal movement, we applied the chimeric repressor silencing technology, in which JA2 was converted into a dominant negative (E) to (G) JA2 and JA2L transcripts were measured in wild-type (cv M82) seedlings treated with ABA (E), MeJA (F), or COR (G). Leaves at the indicated time points after treatment were harvested for RNA extraction and qRT-PCR analysis. Transcript levels of JA2 and JA2L were normalized to Actin2 expression. Error bars represent the SD of three technical replicates. Each experiment was repeated at least three times with similar results.
form by fusing it with the SRDX repression domain (for SUPER-MAN repression domain X) (Hiratsu et al., 2002 (Hiratsu et al., , 2003 . The chimeric repressor silencing technology can the overcome functional redundancy of TFs and effectively suppress their target genes with resultant loss-of-function phenotypes (Hiratsu et al., 2003; Ikeda et al., 2009) . Recently, this technology was successfully applied to investigate the function of several TF genes in Arabidopsis (Heyman et al., 2013; Nakata et al., 2013) . Transgenic tomato lines JA2-SRDX-1 and JA2-SRDX-2, in which the JA2-SRDX fusion gene was overexpressed (Supplemental Figure 6A) , were selected for pathogen inoculation assays to study the role of JA2 in pathogen-triggered stomatal movement.
In our standard surface inoculation assays, the P. s. tomato DC3000-induced stomatal closure at 1 h was impaired in JA2-SRDX plants as compared with wild-type plants ( Figure 3A ), but the pathogen-triggered stomatal reopening at 4 h remained normal in these transgenic plants ( Figure 3B ), indicating that JA2 is required for P. s. tomato DC3000-induced stomatal closure but not stomatal reopening. Consistent with this observation, JA2-SRDX plants were also impaired in flg22-induced stomatal closure (Supplemental Figure 7A) . Furthermore, in surface-inoculated plants, the COR 2 pathogen P. s. tomato DC3118 multiplied much better in JA2-SRDX plants than in wild-type plants ( Figure 3E ) and caused typical disease symptoms ( Figure 3F ), indicating that the JA2-SRDX plants effectively rescued the virulence deficiency of the COR 2 pathogen. Therefore, our pathogen-response assays revealed that, in response to the COR-producing or COR 2 pathogens, the stomatal response and disease symptom development of JA2-SRDX plants resembled those of the ABAdeficient not plants ( Figures 1A to 1F) . These results led us to the hypothesis that JA2 is specifically involved in ABA-mediated stomatal closure in response to P. s. tomato DC3000 infection.
To examine the function of JA2L in pathogen-induced stomatal movement, we generated transgenic tomato plants expressing an antisense version of the JA2L cDNA. JA2L-AS-1 and JA2L-AS-2, in which the expression levels of endogenous JA2L, but not those of JA2, were substantially reduced (Supplemental Figure 6B ), were selected for further studies. In surface inoculation assays, P. s. (A) and (B) Stomatal aperture response in leaf peels of wild-type (cv M82) and JA2-SRDX plants after 1 h of incubation (A) or 4 h of incubation (B) with either water or P. s. tomato DC3000. (C) and (D) Stomatal aperture response in leaf peels of wild-type (cv M82) and JA2L-AS plants after 1 h of incubation (C) or 4 h of incubation (D) with either water or P. s. tomato DC3000. For (A) to (D), error bars represent SE. Each experiment was repeated at least three times with similar results. Student's t test was used to compare means between the wild type and each transgenic line after incubation with P. s. tomato DC3000 (***P < 0.001).
(E) Wild-type and JA2-SRDX plants were dip inoculated with suspensions of P. s. tomato DC3000 or P. s. tomato DC3118, and bacterial growth was measured at 3 DAI. (F) Wild-type and JA2-SRDX plants were dip inoculated with P. s. tomato DC3118, and photographs of the disease symptoms were taken at 3 DAI. (G) Wild-type and JA2L-AS plants were dip inoculated with P. s. tomato DC3000 or P. s. tomato DC3118, and bacterial growth was measured at 3 DAI. (H) Wild-type and JA2L-AS plants were dip inoculated with P. s. tomato DC3000, and photographs of the disease symptoms were taken at 3 DAI. For (E) and (G), Student's t test was used to compare the log-transformed data of each transgenic line with those of the wild type (*P < 0.05 and **P < 0.01). Error bars represent SD of three replicates. CFU, colony-forming units.
tomato DC3000-induced stomatal closure at 1 h was largely normal in JA2L-AS plants ( Figure 3C ), but the pathogen-triggered stomatal reopening at 4 h was substantially impaired in these transgenic plants as compared with that in wild-type plants ( Figure  3D ), indicating that, in contrast with JA2, JA2L is required for CORregulated stomatal reopening but not ABA-mediated stomatal closure. Consistent with this, at 3 DAI in surface-inoculated JA2L-AS plants, multiplication of P. s. tomato DC3000 and disease symptoms caused by this COR + pathogen were significantly inhibited as compared with wild-type plants ( Figures 3G and 3H ). As expected, at 3 DAI, the multiplication of the COR 2 pathogen DC3118 was inhibited to a level similar to that in wild-type plants ( Figure 3G ). In summary, the pathogen-response phenotype of JA2L-AS plants in response to the COR + or COR 2 pathogens showed similarity to that of the JA signaling mutant jai1 ( Figures 1C,  1D , 1G, and 1H). Together, these results support the idea that JA2L is involved in JA/COR-mediated stomatal reopening in response to P. s. tomato DC3000 infection.
JA2 Is Required for NCED1 Expression and ABA Biosynthesis
Our results showing that JA2 is involved in ABA-mediated stomatal closure in response to P. s. tomato DC3000 infection prompted us to carry out an in-depth investigation of the underlying mechanisms. Several lines of evidence support the hypothesis that, similar to the not mutants, the JA2-SRDX plants are defective in ABA biosynthesis. First, as described above, JA2-SRDX plants are defective in P. s. tomato DC3000-and flg22-induced stomatal closure and these plants are able to rescue the virulence deficiency of the COR-deficient bacteria ( Figures 3A, 3E , and 3F; Supplemental Figure 7A ). Second, similar to the wellcharacterized not mutants, which were defective in NCED1-dependent ABA biosynthesis (Supplemental Figure 8 ; Burbidge et al., 1999; Thompson et al., 2004) , JA2-SRDX plants are defective in dehydration-induced stomatal closure (Supplemental Figure 9) . Third, the stomatal closure deficiency of not and JA2-SRDX plants is readily rescued by exogenous application of ABA (Supplemental Figure 7B) . Fourth, soil-grown JA2-SRDX plants exhibit a dwarf phenotype with obviously shorter internodes as compared with their wild-type counterparts ( Figures 4A to 4C ). This dwarf phenotype was also observed in several classical tomato mutants defective in ABA biosynthesis (Nagel et al., 1994; Burbidge et al., 1999; Sharp et al., 2000; Thompson et al., 2004) , including not (Supplemental Figure 10) . Finally, our hormone measurement assays revealed that the endogenous ABA levels in JA2-SRDX-1 plants were substantially lower than those of the wild-type plants ( Figure 4D ; Supplemental Figure 8 ).
The observation that JA2-SRDX-1 plants contain reduced ABA levels raised the possibility that, as a potential TF, JA2 might regulate ABA biosynthesis by targeting ABA biosynthetic genes. To identify the putative targets of JA2, the dehydration-induced expression patterns of several known ABA biosynthetic genes in tomato (Seo and Koshiba, 2002; Schwartz et al., 2003; Xiong and Zhu, 2003; Nambara and Marion-Poll, 2005 ) were compared between JA2-SRDX-1 and wild-type plants. Among them, ZEP1 encodes a zeaxanthin epoxidase that converts zeaxanthin to violaxanthin via the intermediate antheraxanthin (Thompson et al., 2000a ). As described above, NCED1 encodes a rate-limiting enzyme of ABA biosynthesis. Mutation of NCED1 underlies the ABA-deficient phenotype of the classical not mutant in tomato (Burbidge et al., 1999; Thompson et al., 2000b Thompson et al., , 2004 . ABA2 encodes an alcohol dehydrogenase that converts xanthoxin into abscisic aldehyde (Schwartz et al., 2003) . FLACCA (FLA) encodes a molybdenum cofactor sulfurase that catalyzes the oxidation of abscisic aldehyde to ABA (Sagi et al., 2002) . SITIENS (SIT) encodes an aldehyde oxidase (AO) that catalyzes the oxidation of aldehyde to ABA (Harrison et al., 2011) .
Our qRT-PCR assays revealed that genetic manipulation of JA2 had a minor, if any, effect on the dehydration-regulated expression of ZEP1, ABA2, FLA, and SIT (Supplemental Figure  11) . By contrast, the dehydration-induced expression levels of NCED1 were substantially reduced in JA2-SRDX plants as compared with those in wild-type plants ( Figure 4E ). Closer observation revealed that the basal expression levels of NCED1 were already low in JA2-SRDX plants (Supplemental Figure 12 ). These results demonstrate that the NAC TF LeJA2 is important for the basal and dehydration-induced expression of NCED1.
The above-described results hint that NCED1 is a transcriptional target of JA2. We reasoned that, if this is the case, JA2 and NCED1 would exhibit similar expression patterns in response to intrinsic or extrinsic cues. Indeed, several lines of evidence support this hypothesis. First, promoter-GUS fusion assays revealed that, like JA2 ( Figure 2C ), NCED1 was richly expressed in guard cells ( Figure 4F; Supplemental Figure 3) . Second, in the classical ABA-deficient sit mutant of tomato (Stubbe, 1957 (Stubbe, , 1958 (Stubbe, , 1959 Taylor et al., 2000; Harrison et al., 2011) , which harbors a mutation in an AO enzyme that catalyzes the final step of ABA biosynthesis, the steady state expression levels of NCED1 were substantially elevated over those in its wild-type counterpart (Thompson et al., 2000a ; Supplemental Figure 13 ). Interestingly, the steady state expression levels of JA2 were also elevated in sit mutants as compared with wildtype plants (Supplemental Figure 13) . Considering that NCED1 encodes a rate-limiting enzyme in ABA biosynthesis, our results revealed a possible compensation mechanism for ABA biosynthesis in ABA-deficient mutants, and it is most likely that JA2 and NCED1 are involved in this compensation mechanism. Third, the expression levels of both NCED1 and JA2 were strongly upregulated by dehydration in wild-type plants, and in sit mutants, dehydration-induced upregulation of NCED1 and JA2 expression was markedly reduced (Supplemental Figure 13) , suggesting that the expression of both NCED1 and JA2 is activated by dehydration in an ABA-dependent manner.
Collectively, our data showing that genetic manipulation of JA2 affects the expression of NCED1 and that the two genes exhibit similar expression patterns in response to intrinsic or extrinsic cues strongly support the idea that JA2 regulates NCED1 expression for ABA biosynthesis in tomato.
JA2 Regulates ABA Biosynthesis by Activating the Expression of NCED1
We then generated transgenic tomato lines that express the GFP-JA2 fusion protein under the control of the 35S promoter (JA2-OE plants). Two of these lines, JA2-OE-1 and JA2-OE-2, in which the high expression of the GFP-JA2 transgene was verified ( Figure 5A ), were selected for further analyses. qRT-PCR assays revealed that the expression levels of NCED1 ( Figure  5B ), but not those of FLA ( Figure 5C ), were markedly increased in JA2-OE lines as compared with wild-type plants, indicating that overexpression of JA2 selectively activates the expression of NCED1. In line with this observation, our hormone measurement assays revealed that the endogenous ABA levels were significantly higher in JA2-OE plants as compared with wild-type plants ( Figure 4D ). These results substantiated the scenario that JA2 regulates ABA biosynthesis by selectively activating the expression of NCED1.
Next, we set up experiments to demonstrate that JA2 regulates NCED1 expression through direct interaction. It is well known that NAC TFs preferably bind to the so-called NAC core binding site (CACG) of their target promoters (Tran et al., 2004; Zheng et al., 2012) . Indeed, our sequence analysis identified this type of NAC core binding sites in the P1 and P2 regions of the NCED1 promoter ( Figure 5D ). To test the in vivo interaction between JA2 and these NAC core binding sites, we performed chromatin immunoprecipitation (ChIP) assays using the aforementioned JA2-OE-1 plants, which express the GFP-JA2 fusion protein ( Figure 2D ). For these experiments, primers were designed to cover the NAC core binding sites (i.e., P1 and P2; Figure 5D ). Primers covering the P3 region, where there is no NAC core binding site within a 295-bp stretch of sequence, were also included as a negative control ( Figure 5D ). As expected, the DNA samples precipitated by GFP-JA2 were enriched in the P1 and P2 regions, but not the P3 region, of the NCED1 promoter ( Figure 5E ). In the same ChIP experiment, GFP-JA2 was not enriched in the promoter region of JA2L targets (see below and Supplemental Figure 14) . These results indicate a specific interaction between JA2 and the NAC core binding sites of the NCED1 promoter.
A DNA electrophoretic mobility-shift assay (EMSA) was conducted to confirm that JA2 binds these NAC core binding motifs in vitro. For these experiments, we designed DNA probes (i.e., Probe1 and Probe2) covering the NAC core binding sites in the P1 and P2 regions and purified JA2 as a JA2-maltose binding protein (MBP) (D) ABA contents in wild-type, JA2-SRDX, and JA2-OE plants. Untreated healthy leaves from 4-week-old seedlings of the indicated genotypes were harvested for ABA measurement. Error bars represent SD of three replicates. ANOVA was performed for statistical analysis. FW, fresh weight. (E) Dehydration-induced expression of NCED1 in wild-type and JA2-SRDX plants. Leaves from 4-week-old wild-type and JA2-SRDX plants were excised and dehydrated for the indicated times before total RNA was extracted for qRT-PCR analysis. Transcript levels of NCED1 were normalized to Actin2 expression. Error bars represent the SD of three technical replicates. This experiment was repeated three times with similar results. (F) Expression of NCED1pro:GUS in the epidermis of transgenic tomato leaves. Bar = 25 mm. Figure 5F , the MBP-JA2 fusion protein was able to bind Probe1, and this binding could be effectively competed by the addition of unlabeled DNA probe. By contrast, MBP-JA2 failed to bind the mutant Probe1, and the addition of unlabeled mutant DNA probe barely affected the interaction between MBP-JA2 and Probe1, indicating that JA2 binds Probe1 in a NAC core binding site-dependent manner. Parallel experiments indicated that JA2 also specifically bound to Probe2 in a NAC core binding site-dependent manner ( Figure 5F ). Taken together, our data support the notion that JA2 regulates ABA biosynthesis through direct binding to the promoter of NCED1, which encodes a rate-limiting enzyme of ABA biosynthesis.
fusion protein. As shown in
We then investigated the induction of the JA2-NCED1 transcriptional module during the early phase of pathogen infection. In wild-type plants, both JA2 (Supplemental Figure 2A) and NCED1 (Supplemental Figure 2C) showed a slight yet significant induction by pathogen infection. The transcript levels of NCED1 in JA2-SRDX plants were much lower than those in the wild-type plants under control or pathogen infection conditions (Supplemental Figure 2C) , suggesting that JA2 is important for maintaining the basal and pathogen-induced expression of NCED1. Consistently, the ABA levels from whole leaves of JA2-SRDX lines were much lower than those in wild-type plants under control or pathogen infection conditions (Supplemental Figure 2D) . However, in our hormone measurement assays, which are based on mixed cell types (whole leaves), we failed to detect any significant difference of ABA levels between the two treatments (water control or DC3000 infection) in both wild-type and JA2-SRDX lines (Supplemental Figure 2D) . (E) Enrichment of the indicated DNA fragments (P1 and P2) following ChIP using anti-GFP antibodies. Chromatin of transgenic plants expressing GFP-JA2 was immunoprecipitated with anti-GFP antibodies, and the presence of the indicated DNA in the immune complex was determined by PCR. The DNA fragment P3 was used as a negative control. The experiment was repeated three times with similar results. (F) EMSA showing that the MBP-JA2 fusion protein binds to DNA probes from the NCED1 promoter in vitro. Biotin-labeled probes were incubated with MBP-JA2 protein, and the free and bound DNAs (arrows) were separated on an acrylamide gel. As indicated, unlabeled probes were used as competitors. Mu, mutated probe in which the NAC core binding site (CACG) was deleted.
JA2L Is Important for COR-Mediated Virulence in the Apoplast
JA2L-AS plants are defective in P. s. tomato DC3000-triggered stomatal reopening ( Figures 3D, 3G , and 3H), clearly demonstrating that JA2L is required for COR-mediated suppression of stomatal defense. It is known that, in addition to stomatal regulation, COR also regulates other aspects of P. s. tomato DC3000-induced virulence in the apoplast, including suppression of the SA-mediated defense, promotion of bacterial growth, and promotion of chlorotic disease symptom development (Mittal and Davis, 1995; Kloek et al., 2001; Brooks et al., 2005; Uppalapati et al., 2007; Zheng et al., 2012) . We were interested in whether JA2L is also involved in COR-mediated virulence in the apoplast. To test this, we vacuuminfiltrated P. s. tomato DC3000 into tomato leaves to bypass the stomatal regulation and quantified the pathogen-induced expression of JA2L with qRT-PCR. In these assays, the COR-producing P. s. tomato DC3000, but not the COR 2 P. s. tomato DC3118, induces the expression of JA2L, indicating that pathogen infection activates the expression of JA2L in the apoplast in a CORdependent manner ( Figure 6A ). This observation is consistent with the fact that the expression of JA2L is activated by exogenous application of both COR and JA ( Figures 2F and 2G) .
To validate that JA2L may play a role in the COR-mediated virulence in the apoplast, we vacuum-infiltrated JA2L-AS and wild-type plants with P. s. tomato DC3000 and measured bacterial growth afterward. At 3 DAI, the bacterial numbers present in the JA2L-AS plants were significantly lower than those in wildtype plants ( Figure 6B ), indicating that the JA2L-AS plants were more resistant than wild-type plants to P. s. tomato DC3000. On the contrary, in the same assays, JA2-SRDX plants and wild-type plants exhibited similar levels of bacterial growth (Supplemental Figure 15 ). These results demonstrate that JA2L, but not JA2, is required for P. s. tomato DC3000 virulence in the apoplast. When the COR-deficient P. s. tomato DC3118 was vacuum-infiltrated, JA2L-AS plants and wild-type plants exhibited similar levels of bacterial growth ( Figure 6C ), indicating that the JA2L-mediated virulence effect of P. s. tomato is COR dependent. Together, these data support the idea that JA2L plays an important role in mediating COR-promoted virulence in the apoplast.
JA2L Suppresses SA Accumulation through Regulating SA Metabolism Genes
To understand how COR promotes the virulence of P. s. tomato DC3000 through induction of the TF gene JA2L, we focused on identifying JA2L downstream targets. Considering that SA is an essential signal for resistance against P. s. tomato infection and that COR suppresses SA accumulation (Kloek et al., 2001; Uppalapati et al., 2007; Zheng et al., 2012) , we first measured the SA levels in wild-type and JA2L-AS plants in response to P. s. tomato DC3000 infection. As shown in Figure 7A , in JA2L-AS plants, P. s. tomato DC3000-induced accumulation of SA was substantially higher than that in wild-type plants at 24 h after inoculation (HAI), revealing that JA2L is responsible for the CORmediated repression of SA accumulation.
In tomato, several genes are known to affect SA biosynthesis and metabolism (Uppalapati et al., 2007; Tieman et al., 2010) .
Among them, Isochorismate Synthase Gene1 encodes an enzyme involved in SA synthesis (Uppalapati et al., 2007) . Salicylic Acid Methyl Transferase1 (SAMT1) encodes an enzyme that converts SA to the inactive, volatile methyl salicylate (MeSA) (Tieman et al., 2010) . To test the possibility that these genes are targets of JA2L, we first examined their expression. For these experiments, tomato leaves were vacuum-infiltrated with P. s. tomato DC3000 and the expression of these genes was quantified with qRT-PCR. Interestingly, we found that SAMT1 and SAMT2, a SAMT1 homologous gene identified from the published tomato genome sequence (Tomato Genome Consortium, 2012), were induced by P. s. tomato DC3000 infection at 24 HAI ( Figures 7B and 7C) . Therefore, our effort to identify the transcriptional targets of JA2L (A) Pathogen-induced expression of JA2L. Wild-type (cv M82) plants were vacuum-infiltrated with water, P. s. tomato DC3000, or P. s. tomato DC3118, and leaf tissues were collected for RNA extraction and RT-PCR assays at 24 HAI. Transcript levels of JA2L were normalized to Actin2 expression. Error bars represent the SD of three technical replicates. This experiment was repeated three times with similar results. (B) and (C) Wild-type (cv M82) and JA2L-AS plants were vacuuminfiltrated with P. s. tomato DC3000 (B) or P. s. tomato DC3118 (C), and bacterial growth was measured at the indicated time points. Student's t test was used to compare the log-transformed data of each transgenic line with those of the wild type (*P < 0.05). Error bars represent SD of three replicates. CFU, colony-forming units.
was focused on SAMT1 and SAMT2. Closer observation indicated that P. s. tomato DC3118, the COR-deficient bacterial strain, failed to activate the expression of SAMT1 and SAMT2 ( Figures 7B and 7C ), indicating that P. s. tomato DC3000 infection activates the transcription of SAMT1 and SAMT2 in a CORdependent manner. Importantly, while SAMT1 and SAMT2 were induced by P. s. tomato DC3000 in wild-type plants, this induction was markedly weakened in the JA2L-AS plants ( Figures 7B and  7C) , revealing that JA2L is essential for COR-mediated activation of SAMT expression. Together, these results support our hypothesis that COR suppresses SA accumulation through the JA2L-regulated expression of SAMT1 and SAMT2.
We then set up experiments to demonstrate that JA2L activates SAMT1 and SAMT2 expression through interaction with the NAC core binding sites identified in their promoter regions ( Figure 7D ). JA2L-OE plants, which express a GFP-JA2L fusion protein under the control of the 35S promoter ( Figure 2D ; Supplemental Figure  16 ), were used for ChIP assays. ChIP assays indicated that the anti-GFP antibody was able to precipitate DNA fragment a in the SAMT1 promoter and DNA fragment d in the SAMT2 promoter along with JA2L ( Figure 7E ; Supplemental Figure 14) , revealing the direct interaction of JA2L with the NAC core binding motifs in the promoters of SAMT1 and SAMT2. In the same ChIP experiments, however, GFP-JA2L did not show any interaction with the NAC core binding motifs in the promoter of NCED1, which is a direct target of JA2 (Supplemental Figure 14) .
Taken together, our results support the idea that JA2L represses SA accumulation by activating the transcription of two tomato SAMT genes, SAMT1 and SAMT2, whose protein products are able to convert SA to the inactive, volatile MeSA (Tieman et al., 2010) . Given that the expression of JA2L was induced by COR and JA ( Figures 2F and 2G) , we propose that the JA2L-mediated transcriptional activation of SAMT genes underlies COR/JA-promoted virulence in the apoplast. Considering that JA2L is essential for COR/JA-mediated stomatal reopening (Figures 3D, 3G , and 3H) and that SA is required for stomatal defense (Melotto et al., 2006; Zeng and He, 2010; Montillet et al., 2013) , we propose that the same molecular mechanism (i.e., JA2L-mediated transcriptional activation of SAMT1 and SAMT2) is responsible for JA2L-regulated stomatal reopening in response to P. s. tomato DC3000 infection. Our results clearly demonstrate that JA2, together with its transcription target NCED1, forms a molecular module by which plants regulate P. s. tomato DC3000-triggered stomatal closure (A) Wild-type (cv M82) and JA2L-AS plants were vacuum-infiltrated with water or P. s. tomato DC3000, and SA levels were measured at 24 HAI. Student's t test was used to compare means between the wild type and each transgenic line after incubation with P. s. tomato DC3000 (*P < 0.05). Error bars represent SD of three replicates. FW, fresh weight. (B) and (C) Wild-type and JA2L-AS plants were vacuum-infiltrated with water, P. s. tomato DC3000, or P. s. tomato DC3118, and the expression levels of SAMT1 and SAMT2 were measured at 24 HAI. Transcript levels of SAMT genes were normalized to Actin2 expression. Error bars represent the SD of three technical replicates. This experiment was repeated three times with similar results. through ABA. First, both JA2 and NCED1 are guard cell-specific genes, and they show similar expression patterns in response to intrinsic and extrinsic cues. Second, genetic suppression of the activity of JA2 and NCED1 impairs ABA-mediated stomatal closure in response to P. s. tomato DC3000 infection but not JA/ COR-mediated stomatal reopening. Third, JA2 regulates the transcription of NCED1, which encodes a rate-limiting enzyme of ABA biosynthesis in tomato. Fourth, genetic suppression of JA2 and NCED1 impairs ABA biosynthesis in tomato, and the resulting plants exhibit typical ABA-deficient phenotypes in terms of development and pathogen resistance. Together, these data support the notion that the JA2-NCED1 transcriptional module is involved in the regulation of ABA biosynthesis, which is required for the host to close stomata as a defense mechanism (i.e., stomatal defense) in response to P. s. tomato DC3000 infection.
Despite the importance of ABA biosynthesis in regulating plant stress responses (both abiotic stress responses and biotic stress responses), the regulatory mechanisms governing the expression of ABA biosynthetic genes remain obscure (Seo and Koshiba, 2002; Xiong and Zhu, 2003; Nambara and Marion-Poll, 2005) . Previous genetic and biochemical studies in tomato and other plants found that the expression levels of the NCED gene are tightly correlated with endogenous ABA content, supporting the hypothesis that NCED is a key regulatory gene for ABA biosynthesis in response to developmental and environmental cues (Tan et al., 1997 (Tan et al., , 2003 Burbidge et al., 1999; Thompson et al., 2000a Thompson et al., , 2000b Thompson et al., , 2004 Iuchi et al., 2001) . In this context, our results showing that JA2 regulates NCED1 expression for ABA biosynthesis reveal a molecular mechanism governing the finetuning of ABA accumulation in planta. Considering that the P. s. tomato DC3000-induced stomatal response deficiency of JA2-SRDX lines was weaker than that of the not mutant plants, we could not rule out the possibility that JA2 is not the only TF that can regulate NCED1 expression.
Furthermore, our results revealed the existence of an interesting regulatory loop between endogenous ABA levels and the JA2-NCED1 ABA biosynthesis module. For example, in the classical ABA-deficient sit mutant of tomato (Stubbe, 1957 (Stubbe, , 1958 (Stubbe, , 1959 Taylor et al., 2000; Thompson et al., 2000a; Harrison et al., 2011) , the steady state expression levels of both JA2 and NCED1 were substantially elevated compared with those in its wild-type counterpart (Supplemental Figure 13) , suggesting that the JA2-NCED1 module might involve a possible compensation mechanism for ABA biosynthesis in this ABA-deficient mutant. Not surprisingly, the dehydration-induced expression levels of both JA2 and NCED1 were markedly reduced in sit mutants as compared with those in wild-type plants, suggesting that the full activation of the JA2-NCED1 module by dehydration requires a basal level of ABA. In line with our observations, it has been reported that, in Arabidopsis, drought-and salt-activated expression of Arabidopsis NCED3 was impaired in the ABAdeficient mutants low expression of osmotically responsive gene5 (los5) and los6 (Xiong et al., 2002) . Together, our results support that the JA2-NCED1 module is involved in a feedback regulatory loop for ABA homeostasis. We propose that plants might employ this feedback regulatory loop to precisely monitor the endogenous ABA status and, therefore, determine whether, when, and how to activate the JA2-NCED1 module to fine-tune the endogenous ABA levels.
Stomatal guard cells represent one of the most important cell types for ABA actions. Although vascular tissues are probably the main site of ABA biosynthesis (Nambara and Marion-Poll, 2005; Endo et al., 2008; Seo and Koshiba, 2011) , several studies indicate that ABA biosynthesis is also active in guard cells. For example, the promoter activity of the Arabidopsis ABA biosynthetic gene NCED3 was detected in guard cells (Tan et al., 2003) . Similarly, the mRNA and protein of AO3, another ABA biosynthetic gene of Arabidopsis, were also detected in guard cells (Koiwai et al., 2004) . In line with these observations, our promoter-GUS fusion and/or GFP-protein fusion assays revealed that the tomato JA2 and NCED1 genes were richly expressed in guard cells. These results support the hypothesis that the perception of P. s. tomato DC3000 infection by the plant immune receptors may lead to increased ABA biosynthesis in guard cells. However, we failed to detect a significant increase of ABA levels from whole leaves of pathogen-infected plants (Supplemental Figure 2D) . One possible explanation is that the P. s. tomato DC3000-induced increase of ABA accumulation in whole leaves is below the detection limit. Given that the JA2-NCED1 module is richly expressed in guard cells and that both JA2 and NCED1 were induced by P. s. tomato DC3000 infection, it is reasonable to speculate that the future development of cell typespecific hormone measurement techniques will be helpful to verify the role of ABA biosynthesis in guard cell immunity. It is also possible that the P. s. tomato DC3000-induced guard cell response requires a basal level of ABA.
Recently, an ABA-independent oxylipin pathway was demonstrated to play a key role in controlling stomatal defense in Arabidopsis. In their interesting study, Montillet et al. (2013) reported that the oxylipin pathway converges with the ABA pathway at the level of the anion channel SLAC1 to regulate stomatal closure.
However, in our P. s. tomato DC3000-tomato interaction system, we showed that in response to pathogen infection, while wild-type tomato plants close stomata at 1 HAI, the not mutants, which are defective in ABA accumulation (Thompson et al., 2004) , were severely impaired in pathogen-induced stomatal closure (Figure 1) . Importantly, we showed that JA2-SRDX plants were significantly compromised in their ability to close stomata in response to P. s. tomato DC3000 infection (Figure 3 ). Considering that Montillet et al. (2013) checked the stomatal response of ost1-2 and aba2-1 mutants with exogenous application of the PAMP flg22, rather than pathogen infection, we checked the stomatal behavior of wild-type, not, and LeJA2-SRDX plants in response to flg22 and found that while wild-type tomato plants closed stomata in response to flg22 application, not mutants and JA2-SRDX plants were significantly compromised in flg22-triggered stomatal closure (Supplemental Figure 7) . We also examined the ABAinduced stomatal closure of these plants and found that the stomatal response of not and JA2-SRDX plants is similar to that of their wild-type counterparts (Supplemental Figure 7) , indicating that exogenous ABA rescues the stomatal closure deficiency of not and JA2-SRDX plants. These results are consistent with the fact that not and JA2-SRDX plants are defective in ABA biosynthesis.
These results, together with other results described here, clearly demonstrated that JA2 and NCED1 play an important role in P. s. tomato DC3000-and flg22-triggered stomatal closure. It is most likely that the discrepancies between our observations here and those described by Montillet et al. (2013) are due to the existence of species-specific differences.
JA2L-Directed Expression of SA Metabolism Genes Was Hijacked by P. s. tomato DC3000 as a Virulence Strategy through Producing COR We also provide evidence that the function of JA2L in regulating P. s. tomato DC3000-triggered stomatal movement is distinct from that of JA2, although they are the most closely related NAC family TF members in tomato. First, the expression of JA2L is induced by JA and COR in a Jai1/Sl-COI1-dependent manner but not by ABA. Second, similar to the JA signaling mutant jai1, JA2L-AS plants specifically impair P. s. tomato DC3000-induced stomatal reopening but not stomatal closure, and these plants are more resistant than wild-type plants to P. s. tomato DC3000, suggesting that JA2L may act in the JA/COR signaling pathway. Third, JA2L-directed expression of SA metabolism genes inhibits P. s. tomato DC3000-induced SA accumulation and, therefore, suppresses SA-mediated defense responses. These results support the notion that JA2L acts as a target of COR by which COR suppresses host immunity. Considering that JA2L is expressed in guard cells and that SA is required to trigger stomatal closure (Melotto et al., 2006; Zeng and He, 2010; Montillet et al., 2013) , it is reasonable to speculate that JA2L-regulated expression of SA metabolic genes underlies the action of JA2L in promoting pathogen-induced stomatal reopening. We reasoned that the JA2L-SAMT module was hijacked by P. s. tomato DC3000 as a virulence strategy through the production of COR, which serves as a potent inducer of JA responses through targeting the SCF COI1 receptor complex (Xie et al., 1998; Katsir et al., 2008; Fonseca et al., 2009b; Yan et al., 2009; Sheard et al., 2010) . It will be important in future studies to elucidate the molecular mechanism by which COR activates the JA2L-SAMT transcriptional module.
The antagonistic interaction between JA signaling and SA signaling is believed to be involved in fine-tuning the plant defense responses depending on the lifestyle of the pathogen encountered (Spoel et al., 2007) . Despite its importance, not all signaling components involved in this crosstalk have been identified. It was recently shown in Arabidopsis that the inhibition effect of SA on JA signaling occurs downstream of the SCF COI1 -JAZ complex via the TF ORA59 (Van der Does et al., 2013) . Our finding here that JA2L suppresses SA accumulation represents one mechanism by which JA antagonizes SA-dependent immunity in tomato. Given that the JA/COR-induced expression of JA2L depends on the function of COI1, it is most likely that the JA2L-mediated suppression of SA signaling also occurs downstream of the SCF COI1 -JAZ complex. Besides acting as a mediator for JA-SA crosstalk and a hostage hijacked by a pathogen to promote virulence, what is the normal physiological function of JA2L? Considering that MeSA could act as an important herbivore-induced plant volatile to control damaging pests through the recruitment of natural enemies (Zhu and Park, 2005; Mallinger et al., 2011) , our results showing that JA2L promotes MeSA synthesis by activating SA metabolic genes suggests that this TF may play an important role in JA-mediated indirect defense against herbivores. Our study, however, does not rule out the possibility that JA2L may target other genes for its involvement in the JA signaling pathway.
JA2 and JA2L: Structurally Similar, Functionally Distinct
Both JA2 and JA2L are typical NAC family TF members, which contain a conserved N-terminal NAC domain and a divergent Cterminal domain (Supplemental Figure 1) . It is generally believed that the N-terminal NAC domain of NAC TFs is responsible for DNA binding, whereas the divergent C-terminal domain is involved in transcriptional regulation (Olsen et al., 2005; Jensen et al., 2010) . JA2 and JA2L are the most closely related NAC TF members in the tomato genome; they show similar exon-intron gene structure and share 66% identity at the amino acid level. However, we show here that they function in different steps of bacteria-induced stomatal movement through distinct molecular mechanisms: whereas JA2 acts in ABA-mediated stomatal closure through regulating ABA biosynthetic genes, JA2L acts in JA/COR-mediated stomata reopening through regulating SA metabolic genes.
Recently, an elegant work demonstrated that three homologous Arabidopsis NAC TFs, ANAC019, ANAC055, and ANAC072, specifically regulate JA/COR-mediated stomatal reopening but not ABA-mediated stomatal closure . The expression pattern and action mechanism of JA2L, but not those of JA2, showed high similarity to those of the three NAC TFs from Arabidopsis, which were grouped in the same clade with JA2 and JA2L in our phylogenetic analyses, raising an interesting question of how their "structure-function" relationship is determined. We reasoned that the functional divergence of JA2 and JA2L may be not only due to their promoters, which are responsible for their different expression patterns, but also due to their similar but divergent amino acid sequences. Supporting this possibility, our experiments demonstrated that JA2L and JA2 exert their regulatory effects by targeting different genes (Supplemental Figure 14) , which may be achieved by recruiting or interacting with different transcriptional partners. Clearly, in-depth structure-function analyses will provide insight into the action mechanisms of these homologous NAC family TFs in regulating host immunity, pathogen virulence, and plant-pathogen coevolution.
METHODS
Plant Materials and Growth Conditions
Tomato (Solanum lycopersicum) cv M82, cv Castlemart, cv Rheinlands Ruhm, and cv Ailsa Craig were used as wild types in this study. Seeds of sit (LA0574; cv Rheinlands Ruhm background) and not (LA3614; cv Ailsa Craig background) were obtained from the Tomato Genetics Resource Center at the University of California, Davis.
Tomato seeds were germinated for 48 h on moistened filter papers. Subsequently, tomato seedlings were grown in growth chambers and maintained under 16 h of light at 25°C and 8 h of dark at 18°C and 60% relative humidity. The ABA-deficient mutants (sit and not) were maintained in an unstressed state by keeping relative humidity at 80 to 90%. Homozygous jai1 plants were identified as described previously (Li et al., 2004) .
DNA Constructs and Plant Transformation
DNA constructs for plant transformation were generated following standard molecular biology protocols and Gateway (Invitrogen) technology (Nakagawa et al., 2007) . For JA2-SRDX plants, a 36-bp DNA sequence encoding the SRDX repression domain (LDLDLELRLGFA) was fused in frame to the 39 end of the JA2 coding region. This fusion sequence was then cloned into the pGWB2 vector to generate the 35Spro:JA2-SRDX construct. For JA2L-AS plants, the 441-bp fragment encoding the C-terminal domain of JA2L was amplified and cloned in the antisense orientation into the pGWB2 vector to generate the JA2L-AS construct.
The above constructs were introduced into tomato cv M82 by Agrobacterium tumefaciens-mediated transformation (Yan et al., 2013) . Transformants were selected based on their acquired resistance to hygromycin B. Homozygous T2 or T3 transgenic plants were used for phenotypic and molecular characterization.
Plant Treatment and Gene Expression Analyses
Methyl jasmonate (MeJA), wounding, and COR treatments were performed as described previously (Uppalapati et al., 2005; Yan et al., 2013) . For ABA treatment, 4-week-old tomato plants were irrigated with water containing 100 mM ABA. For dehydration treatment, 4-week-old tomato leaves were detached and then dehydrated on filter papers at room temperature under dim light. Leaf tissues of three plants were pooled at 0, 1, 3, and 6 h after treatment for RNA extraction. For bacterial infection, 4-week-old tomato plants were vacuum-infiltrated with water, Pseudomonas syringae pv tomato DC3000, or P. s. tomato DC3118. Bacteria was inoculated at OD 600nm = 0.01. Tomato leaves were harvested for RNA extraction after 24 h. RNA extraction and qRT-PCR analysis were performed as described previously (Yan et al., 2013) . Expression levels of target genes were normalized to those of the tomato Actin2 gene. Primers used to quantify gene expression levels are listed in Supplemental Table  1 . MeJA, COR, and ABA were purchased from Sigma-Aldrich.
For GUS staining analysis, promoters of tomato JA2, JA2L, and NCED1 were amplified by PCR and cloned into the binary vector pCambia1391Z to generate the JA2pro:GUS, JA2Lpro:GUS, and NCED1pro: GUS constructs, respectively. The resulting constructs were then introduced into tomato cv M82 by Agrobacterium-mediated transformation. The GUS staining assays were performed as described previously .
Stomatal Assays
Stomatal assay was performed as described previously (Melotto et al., 2006) . Plants were kept under light (;100 mmol m 22 s 21 ) for at least 3 h to ensure that most stomata were open before bacteria inoculation. Fully expanded healthy leaves from 5-week-old plants were immersed in water or bacterial suspension (1E + 8 colony-forming units/mL in water). At various time points, epidermis was peeled off and immediately observed with a Leica Microsystems DM5000B microscope. In the case of ABA-or flg22-induced stomatal closure, tomato leaves were immersed in MES buffer (25 mM MES-KOH, pH 6.15, and 10 mM KCl), 10 mM ABA in MES buffer, or 5 mM flg22 (Alpha Diagnostics) in MES buffer for 1 h, and epidermis was then peeled off for observation. Images of leaf peels were randomly taken, and at least 60 stomata were recorded for each sample. The width of the stomatal aperture was measured as described . Statistical differences were analyzed with Student's t test.
To determine dehydration-induced stomatal closure, detached leaves from wild-type and JA2-SRDX plants were dehydrated for 0 and 20 min, and the leaves were then frozen in liquid nitrogen for observing stomata with a Hitachi S-3000N scanning electron microscope. The stomatal aperture was then measured, and statistical differences were analyzed with Student's t test.
Pathogen Infection Assays P. s. tomato DC3000 (Melotto et al., 2006) and COR-deficient mutant P. s. tomato DC3118 (Zhao et al., 2003) were cultured at 30°C in low-salt LuriaBertani medium (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) with appropriate antibiotics until OD 600nm of 0.8 was reached. Bacteria were collected by centrifugation and resuspended in water. For dip inoculation, 4-week-old plants were dipped into a solution of P. s. tomato (OD 600nm = 0.2) with 0.02% Silwet L-77 for a few seconds and then kept under high humidity until disease symptoms developed. For vacuum infiltration, 4-week-old plants were vacuum-infiltrated with P. s. tomato (OD 600nm = 0.002), and six plants were assayed for each data point. The infected leaves were surface sterilized with 15% H 2 O 2 and washed twice before being homogenized to assay the bacterial growth. Bacterial populations were monitored by serial dilution assays (Zeng and He, 2010 ). Student's t test was used to compare the means of log-transformed data.
Free SA and ABA Measurements Free SA and ABA measurements were performed as described previously (Zhou et al., 2010; Yan et al., 2013) . For free SA measurement, briefly, 4-week-old plants were vacuum-infiltrated with water or P. s. tomato DC3000 (OD 600nm = 0.01). The infected leaves were harvested 24 h later, and free SA was extracted and measured by HPLC. Similarly, untreated healthy leaves from 4-week-old wild-type or transgenic plants were harvested for ABA measurement. Three replicates were taken for each data point. Statistical analyses were performed using ANOVA or Student's t test.
Subcellular Localization
To generate the 35Spro:GFP-JA2 and 35Spro:GFP-JA2L tomatoes for subcellular localization analysis, full-length coding sequences of JA2 and JA2L, respectively, were amplified by PCR and cloned into the XhoI/SpeI sites of the binary vector GFP-pBA-C1. The resulting constructs were then transformed into tomato cv M82 for further analysis. For subcellular localization analysis, GFP fluorescence of leaves from 35Spro:GFP-JA2 and 35Spro:GFP-JA2L plants was observed and imaged with a confocal laser scanning microscope (Leica Microsystems).
EMSA
The full-length coding sequence of tomato JA2 was amplified by PCR and cloned into the pMAL-c2X vector. The recombinant MBP-JA2 protein was expressed in Escherichia coli BL21 and purified to homogeneity using an amylase resin column. Oligonucleotide probes were synthesized and labeled with biotin at their 59 ends (Invitrogen). EMSA was performed as described previously Yan et al., 2013) .
ChIP-PCR Assays
ChIP assays were performed following a published protocol (Q. Chen et al., 2011; R. Chen et al., 2012; Yan et al., 2013) with minor modifications. Briefly, 1 g of 35Spro:GFP-JA2 or 35Spro:GFP-JA2L leaves was cross-linked in 1% formaldehyde and their chromatin was isolated. GFP antibody (Abcam) was used to immunoprecipitate the protein-DNA complex, and the precipitated DNA was purified using a PCR purification kit (Qiagen) for PCR analysis. Chromatin precipitated without antibody was used as a negative control, while the isolated chromatin before precipitation was used as an input control. Three independent biological repeats were performed. Primers used for ChIP-PCR are listed in Supplemental Table 1 .
Accession Numbers
The accession numbers for the genes discussed in this article are as follows: JA2L (Solyc07g063410), JA2 (Solyc12g013620), SAMT1 (Solyc09g091550), SAMT2 (Solyc09g091530), NCED1 (Solyc07g056570), ZEP1 (Solyc02g090890), ABA2 (Solyc04g071960), SIT (Solyc01g009230), and FLA (Solyc07g066480).
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